and dopaminergic circuitry are critical in controlling several aspects of social behavior, even social recognition memory (SRM), we aimed to study the expression analysis of dopaminergic circuitry in amygdala using real-time polymerase chain reaction. Material and Methods: Animals were divided into 2 age-and weight-matched groups: group I-control group and group II-diabetic group. Diabetes was induced by injecting 50 mg/kg streptozotocin (STZ; in 0.1 mL ice cold citrate buffer, pH 4.5) i.p. for 5 consecutive days. Behavioral tests were performed 8 weeks after diabetes was introduced. On day 60, animals were sacrificed, amygdala was dissected, and the total RNA was isolated. Expression analysis was car-
Introduction
Considered for decades a disease of the peripheral nervous system, there is now mounting evidence that type 2 diabetes mellitus (T2DM) has a CNS pathology too [1] . T2DM is now known to be associated with several neurological complications like Alzheimer's, impaired learning and memory, cognitive dysfunctions, delayed executive functions, impeded information-processing speed, neurodegeneration, and neurochemical and neuro-structural abnormalities [2] [3] [4] [5] [6] [7] [8] [9] . The underlying pathophysiology of CNS complications in T2DM is not completely elucidated, but plausibly it is diseases like hyperglycemia, vasculature disease, hypoglycemia, and insulin resistance that play critical roles [10] .
Although much insight is available on the cognitive dysfunction in patients with T2DM, more needs to be understood about how it affects the social aspect of human behavior. In this context, social approach (sociability and preference for social novelty) and social recognition memory (SRM) are fundamental aspects of mammalian social behavior. Sociability is the inherent property of a rodent to form bonding with a conspecific, and preference for social novelty refers to a rodent's inclination toward a novel conspecific rather than a familiar one, just like in humans, and can be evaluated using Crawley's 3-chambered social approach task [11] .
SRM is the organism's ability to recognize familiar conspecifics and is critical for many forms of social interaction including reproduction, the establishment of hierarchy dominance, and pair bonding, marking of territory, and so on. The social recognition ability of rodents can be observed in the laboratory by measuring the reduction in the amount of time spent investigating a familiar conspecific as compared to a novel conspecific [12] . Social behavior and especially SRM is mediated in most mammals by the olfactory system, which has strong innervations in the amygdala [13] . The amygdala is a principal component of social cognitive circuitry in both animal and humans and is involved in regulating emotional and social behaviors [14] . The amygdala, as a seat of emotion processing and information relay, is a likely candidate for dysfunction in T2DM-associated CNS complications. Increasing evidence indicates the role of the amygdala in the CNS pathology of diabetes [15] [16] [17] . Additionally, dopamine (DA) is of high importance because it extensively innervates the brain, the sequel to which is a wide array of behavioral parameters like cognition, emotion, perception, motivation, reward, sleep, and so on (reviewed in [18] ). Further, the amygdala is not only involved in processing emotional stimuli but also involved in interacting with the dopaminergic system to assign salience to a particular stimulus [19, 20] . The amygdala is extensively connected to dopaminergic nuclei, including the nucleus accumbens and ventral tegmental area [20] [21] [22] . Additional support for creating an effect of the dopaminergic system on amygdala function comes from reports that the dopaminergic state in patients with Parkinson's disease affects amygdala responsiveness during emotion perception tasks [23] . In CNS disorders like schizophrenia, structural and functional studies demonstrate abnormalities in the amygdala and dopaminergic signaling (reviewed in [24] ). Therefore, we intended to understand and evaluate the effect of T2DM-associated neurological complications on dopaminergic circuitry via dopaminergic receptor expression and dopamine turnover (dopaminergic neurotransmission) in the amygdala. Dopaminergic turnover was analyzed using expression levels of genes responsible for dopamine synthesis and metabolism, that is, aromatic L-amino acid decarboxylase (AADC) was targeted as dopamine synthesis-associated gene, while catechol-O-methyl transferase (COMT), monoamine oxidase A and B (MAO-A and MAO-B) were targeted for metabolism. Genes targeted for studying dopaminergic circuitry and their functions are mentioned in Table 1 . We hypothesize that dopaminergic pathways in amygdala play a critical role in social behavior and any abnormalities in this network result in impaired emotional salience processing with consequent SRM deficits. In this study, we propose a model of social behavioral dysfunction in diabetes and discuss its therapeutic implications. 214 tion Technology, Waknaghat, under a 12-h light/dark cycle (the lights on from 7 a.m. to 7 p.m.) at 23 ± 2 ° C and 60 ± 5% humidity conditions. The animals were kept in polypropylene cages and fed a standard commercial pellet diet and water ad libitum. The experimental protocol (IAEC/JUIT/2015/UB5) was approved by the Institutional Animal Ethics Committee, Jaypee University of Information Technology, Waknaghat, Himachal Pradesh, India.
Materials and Methods

Animals
Induction of T2DM
Streptozotocin (STZ; Sigma Chemicals Co., St. Louis, MO, USA) was dissolved in cold 0.01 M citrate buffer, pH 4.5 and always prepared freshly for immediate use within 5 min. STZ injections were given intraperitoneally at a dose of 50 mg/kg/day for 5 consecutive days. This multiple low-dose injection of STZ is known to induce type 2 phenotype of diabetes rather than type 1 and hence can be used to study long-term complications of diabetes mellitus (DM) [25, 26] . All animals were made to fast for 20 h before STZ injection. Blood glucose levels were measured in blood samples collected from the tail vein using the Accu-Check blood glucose monitoring system (Roche Diagnostics GmbH, Germany). Animals having fasting blood glucose >200 mg/dL were selected for the study and remaining animals were excluded. Control animals received 0.1 mL ice-cold citrate buffer intraperitoneally for 5 consecutive days. Animals were regularly monitored for 8 weeks after which behavioral studies were performed.
Experimental Groups and Conditions
Animals were divided into 2 age-and weight-matched groups: group I-control group and group II-diabetic group, having 8 animals in each group. Ten days prior to the start of experimentation, animals were habituated to the experimental room on a daily basis for them to get acclimatized to the light and odor conditions of the room. Habituation period of 10 min was provided to each animal in the open field (for SRM) and 3-chambered apparatus (for social approach) having 2 steel-wire-mesh corrals were placed at equal distances from each other and walls. Animals were allowed to free- Vmat2 is a transport protein that transports dopamine into the storage vesicles from cytosol for future neurotransmission
Pitx3
The transcription factor Pitx3 is important for the differentiation and maintenance of dopaminergic neurons during development Necessary for long-term survival and maintenance of the dopaminergic neurons Pitx3 regulates tyrosine hydroxylase expression and maintains the dopaminergic phenotype Upregulates the neurotrophic factors BDNF and GDNF, which promote dopaminergic neuron survival and confer protection against cellular insults NURR1 NURR1, a transcription factor is critical in the development and maintenance of the dopaminergic system Regulates the expression of TH, DAT, Vmat2, and AADC, all of which are important in the synthesis and storage of dopamine AADC, aromatic L-amino acid decarboxylase; COMT, catechol-O-methyl transferase; MAO-A and MAO-B, monoamine oxidase A and B; DARP, dopamine-releasing protein; DAT, dopamine transporter; Vmat2, vesicular monoamine transporter 2; Pitx3, paired-like homeodomain transcription factor 3; NURR1, nuclear receptor related 1 protein; 3-MT, 3-methoxytyramine; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; TH, tyrosine hydroxylase; BDNF, Brain-derived neurotrophic factor; GDNF, Glial cellderived neurotrophic factor. ly explore the field and corrals. Between each habituation, the entire field and corrals were cleaned with 70% ethanol to avoid any olfactory cues. Entire habituation and experimentations were performed between 7 a.m. and 1 p.m.
Social Approach
Social approach was tested in a 3-chambered apparatus using methods previously described with a slight modification [11] . The apparatus (60 × 23 × 23 cm [h]) was a rectangular, 3-chambered box made from matte white finish acrylic. Opaque retractable doors (12 × 33 cm) were designed to create optimum entryways and encourage exploration across chamber openings (5 × 10 cm). The test was performed using same-sex animals. Subjects in the home cage were placed in the testing room 1 h before behavioral analysis for habituation and to minimize effects of stress. Testing procedures comprised the 3 following phases:
a. Habituation: doors to side chambers were closed and the subject mouse was placed in the center chamber and allowed to freely move between the chambers. After 10 min of habituation, the test animal was guided back to the center chamber, and doors were closed. Urine was soaked up, fecal pellets were removed, and side chambers were cleaned with 20% ethanol.
b. Sociability: conspecific #1 was placed under a steel-wiremesh corral in the left chamber and the novel object was placed in the right chamber. The subject was allowed to freely investigate the chambers for 10 min. After this, the subject mouse was guided back to the center chamber, and doors were closed. Corral and novel objects were removed for cleaning and conspecific #1 was returned to the home cage. Urine was soaked up, fecal pellets were removed, and side chambers were cleaned with 20% ethanol. The time spent by a subject mouse with the conspecific or novel object was calculated.
c. Social novelty: new corrals were added, one to each side chamber. Conspecific #1 (now familiar to subject mouse) was placed under corral in the right chamber and conspecific #2 (novel mouse) was placed under corral in the left chamber. Plastic cups were placed on top of steel cups to prevent the subject from climbing on top. Subject mouse was allowed to freely investigate the chambers for 10 min. After this, the subject was guided back to the center chamber and doors were closed. All animals were returned to home cages, cups were removed for cleaning, and chambers were cleaned with 20% ethanol. The time spent by a subject mouse with familiar or novel conspecific was calculated.
SRM Test
SRM was performed on the basis of a previously reported method [27] with some modifications. The test mouse was placed in the open field (50 × 50 × 25 cm [h]) having 2 corrals and was allowed to explore freely for 5 min. One of the corrals was then removed and replaced in the same place with stimulus conspecific inside it. The test mouse was again allowed to explore the entire field for 10 min to familiarize itself with the stimulus conspecific, after which both the test and stimulus mice were removed from the field. Recognition memory was assessed 24 h after the initial interaction of the test and stimulus mice. For this, the test mouse was again placed in the open field and was allowed to explore the arena for 5 min. Both the corrals were now placed in the same position with one conspecific in each corral. One corral housed the same stimulus conspecific (now familiar to test mouse) and another housed a novel conspecific. The test animal was allowed to explore for 10 min and an entire test session was recorded with an overhead video camera. SRM is the ability of an animal to remember a previously encountered conspecific and thus, SRM was evaluated in terms of percent preference to novel conspecific over familiar conspecific by using the following equation: % Novelty preference = Time spent exploring novel conspecific × 100 (Time spent exploring novel conspecific + familiar conspecific)
Real-Time Quantitative Reverse Transcription PCR
After behavioral studies were conducted, the animals were sacrificed, the amygdala was dissected, and the total RNA was isolated using TRI reagent (Invitrogen). The integrity of RNA was checked on 2% agarose gel and quantified using NanoDrop (ND-2000C Spectrophotometer, Thermo Scientific). The reverse transcription of 3 μg of total RNA was performed using the First strand cDNA synthesis kit (Fermentas life-sciences). qPCR amplifications were performed in a CFX96TM real-time PCR Detection System (Bio-Rad) using the iQTM SYBR green supermix (Bio-Rad) and a set of specific primers ( Table 2 ) . Reactions were carried out in total volumes of 12.5 μL and 2.5 p M of each primer and 1 μL of diluted cDNA template containing 100 ng cDNA were included. The thermal cycler conditions for all the genes used in this study are mentioned in Table 3 . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as the internal standard.
Statistical Analyses
All statistical analyses were performed using GraphPad Prism 6 software (GraphPad Software, Inc., USA). Data are presented as mean ± SD of n = 5 for gene expression analysis and n = 8 for behavioral analysis. Statistical significance was determined using one-way ANOVA, followed by the post hoc Dunnett's test ( * p < 0.05, * * p < 0.01, * * * p < 0.001 and nonsignificant [ns], p > 0.05). ( Fig. 1 a) : we observed that sociability profile of STZ mice was normal as compared to that of control mice. STZ mice spent significantly ( p < 0.001) more time with conspecific as compared to the novel object. There were no significant differences in time spent with conspecific between STZ and control mice. This indicates that the natural tendency of mice in terms of who they prefer is not altered by the central complications of DM.
Results
Social Approach a. Sociability
b. Preference for social novelty ( Fig. 1 b) : Similar to sociability profile, preference for social novelty was also observed to be nonsignificantly different between STZ and control mice. Both groups of mice spent more time investigating a novel conspecific ( p < 0.01) as compared to a familiar one. These results indicate that central diabetic neuropathy has no effect on social approach. Fig. 1 c) STZ mice spent relatively more time with familiar conspecific and lesser time with novel conspecific, corresponding to a significant ( p < 0.001) reduction in percentage novelty preference as compared to control mice, indicating that the diabetic complications led to a decline in recognition memory. Based on the social approach results, the natural tendency of rodents to explore novelty rather than familiarity was retained in STZ mice, but when tested after an interval of 24 h, they seemed to have forgotten the initial interaction, which is why STZ mice were unable to differentiate between the familiar and novel conspecifics and hence unable to prioritize their interactions. ( Fig. 2 a) D1 and D2 receptor expressions were almost similar in control mice compared to the expressions of glyceraldehyde-3-phosphate dehydrogenase. This expression was significantly ( p < 0.001) reduced for both D1 and D2 re- ceptors in STZ mice. Expression levels of D3, D4, and D5 receptors were found to be approximately similar in the control group but were significantly reduced ( p < 0.001) in diabetic mice. Overall, there was a significant ( p < 0.001) reduction of all the dopaminergic receptors in the amygdala of diabetic mice as compared to controls. ( Fig. 2 b) Significant downregulation in dopaminergic turnover was observed in diabetic animals as compared to controls. Dopamine turnover was analyzed using the expression of genes responsible for synthesis (AADC) and metabolism (COMT MAO-A and MAO-B). Overall, significant ( p < 0.001) reduction in both synthesis and metabolism responsible genes of DA was observed in STZ mice as compared to those of the control mice. This indicated that synthesis of DA was reduced, but the metabolism was reduced too. This could possibly be a protective mechanism to accumulate the DA in order to compensate the corresponding loss in DA production and DAergic receptor expression. Fig. 2 c) There was a nonsignificant ( p > 0.05) change in the expression of DARP. DAT showed a significantly ( p < 0.001) increased expression, which could be an answer to accumulating DA in the synapses as shown by a reduction in the number of DA-metabolizing genes (COMT and MAO). Vesicular monoamine transporter 2 showed a significantly ( p < 0.001) decreased expression meaning that DA reuptake done by DAT was in a significantly reduced amount stored in the storage vesicles. This would also mean that for future neurotransmission, a highly reduced amount of dopamine was available, since the dopamine synthesis was significantly reduced too as depicted by a reduction in expression of dopamine synthesis gene AADC. Paired-like homeodomain transcription factor 3 (Pitx3) showed a nonsignificant ( p > 0.05) rise, but nuclear receptor related 1 protein (NURR1) showed a significant ( p < 0.001) increase in expression. Both Pitx3 and NURR1 are essential for dopaminergic neuron survival and development and their increased expression could possibly be in response to the dopaminergic insult by the diabetic complications as evident by a high decline in dopamine receptor expression.
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Discussion
The relationship between DM and brain is complex. Diabetes-associated CNS complications are characterized by impaired cognitive functions, neurodegeneration, Alzheimer's anxiety, depression, and so on. In this context, social cognitive dysfunction in patients with T2DM is increasingly recognized as a significant realm of impairment. Therefore, we aimed to study the social behavior through the evaluation of SRM in association with T2DM-associated neurological complications. Dopaminergic neurotransmission plays a pivotal role in canvassing our behavioral landscape, whereas the amygdala is the center of emotion processing and information relay and is involved in the social personality of an individual. In this study, we hypothesized that the decline in SRM in T2DM-associated CNS complications might stem through altered dopaminergic signaling in the amygdala.
Our results ( Fig. 1 ) demonstrate that although there was a significant decline in SRM of diabetic mice, no shift in social approach was observed. On a molecular level, there was a significant disruption in dopaminergic neurotransmission, that is, dopaminergic receptor and dopamine turnover in the amygdala of diabetic mice ( Fig. 2 ) . All the dopaminergic receptors (D1-D5) showed a significantly decreased expression profile in the diabetic state. Similarly, there was a decline in both DA-synthesizing and metabolism-responsible genes, indicating that DA was produced in lesser amounts, but the metabolism was reduced too, possibly to compensate the loss of dopaminergic receptors and dopamine production. Proteins were involved in DAergic neuronal development and maintenance, functioning, and survival, and we observed an increase in diabetic condition as compared to the control group. DARP and Pitx3 showed a slight although nonsignificant increased expression. NURR1 showed a significantly increased expression. This indicates that the expression of these proteins must have increased in response to the DAergic insult as a result of long-standing diabetic complications. Our results suggest that as a result of prolonged hyperglycemia, the dopaminergic system in amygdala underwent serious damage, which resulted in an impaired emotional salience and aberrant change in social behavior as observed by SRM.
Preliminary findings suggest that while further rigorous testing has to be conducted to establish a dopamine link in T2DM, our animal model seems to indicate the existence of functional and critical circuit in amygdala where dopaminergic pathway mediates socioaffiliative behaviors. Disruption to these circuits is likely to underpin T2DM-associated behavioral disorders. It is possible that social deficits in T2DM are unlikely to be manifestations of a simple dopaminergic imbalance; targeted administration of DA agonist/antagonist may prove useful as a probe for pathophysiologic circuitry. Furthermore, given the lack of therapeutic efficacy of anti-diabetic medications for social cognitive deficits, the current research provides a rational basis for better understanding the therapeutic potential of DA in T2DM, perhaps in combination with anti-diabetics and/or developing psychosocial treatment approaches.
To our knowledge, this study demonstrated for the first time that STZ-induced diabetes produces a marked attenuation of amygdala functions mediated through dopaminergic receptors. We report our investigation of the hypothesis that amygdala appears to be an important component of the neural system that is required for healthy social behavior. Recognition of the fact that central diabetic neuropathy is, in part, a disease that affects the whole nervous system is resulting in a critical rethinking of this disorder, thereby opening a new direction for further research.
Based on the preference for social novelty results, the natural tendency of rodents to explore novelty rather than familiarity was retained in STZ mice, but when tested after an interval of 24 h they seemed to have forgotten the initial interaction, which is why STZ mice were unable to differentiate between the familiar and novel conspecifics and hence unable to prioritize their interactions.
Conclusion
Our results suggest that central dopaminergic pathways are significantly dysregulated in diabetes, which leads to deficits in SRM, ultimately impairing neurobehavioral outcomes. This research avenue may serve as a new therapeutic target to improve socio-affiliative behaviors in patients with T2DM-associated profound social deficits.
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